In this study, we review and extend previous studies on changes of wave heights, focusing on both observed and possible future changes in the North Atlantic and in the North Pacific. Two wave hindcasts are used here as observed waves for 1958-1997: a global wave hindcast based on the 10-m winds taken from the NRA (i.e., the reanalysis of the National Centers for Environment Prediction, National Center for Atmospheric Research), and a detailed North Atlantic wave hindcast produced with intensively reanalyzed surface winds over the North Atlantic basin. The observed relationships between sea level pressure (SLP) and significant wave height (SWH) are used to construct climate change scenarios of SWH.
Introduction
The constantly changing climate of the Earth consists of both natural climate variability and human-induced climate change. Global mean temperature is projected to rise by 1.4-5.8 K between 1990 and 2100 (IPCC [1] ) for the full range of "SRES" (Special Report on Emissions Scenarios) forcing scenarios; the corresponding rise in sea level is projected to be 0.09-0.88 m (IPCC [2] ).
The oceans are an important component of the climate system and ocean borne commerce is sensitive to the state of the ocean surface. Amongst other surface characteristics, ocean wave heights could be affected by anthropogenic forcing of the climate system. Information on ocean wave climate and its variability and trends are required for a wide range of applications, including the determination of engineering design parameters for offshore oil and gas exploration, production and transportation, coastal development, and the detailed planning of shipping routes. Since the design of marine and coastal infrastructure is constrained by the largest wave height event anticipated during a fixed design period, increases in the extremes of wave heights could have an impact on the life span of these installations that will be in excess of impacts anticipated from the rising sea level.
Analysis of the observed variability and trends of ocean wave heights, and projections of its possible future changes, are therefore useful for the design and operation of coastal and offshore industries. This study aims to review and extend the previous studies related to trends and variability of ocean wave heights, focusing on both observed and possible future changes in the North Atlantic and the North Pacific.
The remainder of this paper is organized as follows: The datasets and methodologies used in this study are briefly described in Section 2. Previous studies on historical changes of wave heights, as derived from in situ observations and from numerical wave hindcasts, are reviewed and extended in Section 3. Possible future changes in seasonal mean and extreme wave heights are discussed in Section 4. We complete this paper with some concluding remarks in Section 5. SLP-SWH relationship in each season is represented by a pair of regression models: redundancy analysis for seasonal mean SWH (see Section 2.2), and nonstationary generalized extreme value (GEV) analysis for seasonal maxima of SWH (see Section 2.3). Assuming that the observed SLP-SWH relationship will continue to hold under the possible future climates as projected by a coupled global climate model, we then used this relationship to project possible future changes of SWH in the northern hemisphere oceans, using climate model projections of possible future SLP changes as predictor. Therefore, observed SWH and SLP data are needed to assess historical changes and train the regression models, and projections of possible future SLP changes are needed to make projections of possible future SWH changes.
Specifically, the following four datasets were involved in this study:
• Observed SLP data. Seasonal means of SLP for the period from 1958 to 1997 were derived from twice-daily data of the NRA (the reanalysis of the National Centers for Environment Prediction, National Center for Atmospheric Research; Kalnay et al. [5] ). These data had previously been converted to the global 96 × 48 Gaussian grid (96 × 48 grid points, spacing approximately 3.75 • latitude by 3.7 • longitude) used by CGCM2 (the second generation coupled GCM of the Canadian Centre for Climate Modelling and Analysis; Flato and Boer [6] ).
• Observed Atlantic SWH data. Seasonal means and maxima of SWH over the North Atlantic (80 • W-20 • E, 20 • N-70 • N) were derived from 6-hourly wave data of a detailed North Atlantic wave hindcast. The hindcast was obtained by driving a third generation ocean wave model (OWI 3G) with surface winds over the North Atlantic basin that were intensively reanalyzed (for more details see Wang and Swail [3] ; Swail and Cox [7] ). The wave data are on a 0.625 • ×0.833 • latitude/longitude grid, covering the 40-year period from 1958 to 1997.
• Observed Pacific SWH data. Seasonal means and maxima of SWH over the North Pacific (120 • E-270 • E, 20 • N-70 • N) were derived from 6-hourly wave data of a global wave hindcast (Cox and Swail [8] ), which was produced by driving the ODGP2 wave model (second generation formation of the original Ocean Data Gathering Program wave model; see Cardone et al. [9] ) with the NRA 6-hourly 10-m wind fields. The wave data are on a 1.25 • × 2.5 • latitude/ longitude grid over the globe, for the 40-year period from 1958 to 1997.
• Climate model projected SLP data. Projections of future seasonal mean SLP were obtained from three ensembles of CGCM2 simulations using three different forcing scenarios: (i) a modified version of the IPCC IS92a scenario, in which the change in greenhouse gases (GHG) forcing corresponds to that observed from 1850 to 1990 and increases at a rate of 1% per year thereafter until the year 2100 (cf. Boer et al. [10] ); (ii) the SRES A2 forcing scenario, which is described in detail in the Special Report on Emissions Scenarios (IPCC [2] ); (iii) the SRES B2 forcing scenario. The forcing includes both GHG and aerosol loadings. The A2 scenario is similar to the IS92a scenario. The B2 scenario reflects slower economic development and population growth and thus a slower increase in GHG forcing. For each forcing scenario, an ensemble of three integrations was carried out with different initial conditions. The three integrations in an ensemble can be considered as three independent realizations of the same stochastic process. The integration period is 251 years (1850-2100) for the IS92a scenario and 111 years (1990-2100) for both the A2 and B2 scenarios. • N) were used in this study. Monthly means of SLP were also used to calculate monthly, as well as seasonal mean, fields of squared SLP gradient. Then, the seasonal mean squared SLP gradients were expressed as anomalies relative to their 1961-1990 baseline climates (the CGCM2 simulated baseline climate was calculated from the IS92a scenario ensemble simulations; CGCM2 simulated SLP gradients were obtained from the simulated monthly means of SLP after they had been adjusted to the observed baseline climate). Actually, all seasonal quantities of SLP and SWH were re-expressed as anomalies relative to the related baseline climate. These anomalies were then used as the predictor and predictand data in the statistical "downscaling" models (see Sections 2.2 and 2.3).
Redundancy analysis
For the seasonal means, the observed SLP-SWH relationship was determined by using a least squares regression technique called redundancy analysis (RA), which seeks to maximize the associated predictand variance while searching for a hierarchy of the best predicted components and the corresponding predictor components. Details about RA can be found in Wang et al. [11] , Wang and Swail [3, 4] , Wang and Zwiers [12] , von Storch and Zwiers [13] , and Tyler [14] .
RA was performed in reduced dimension versions of the predictor and predictand datasets so as to focus attention on their large-scale behavior. Thus the seven leading principal components (PCs) of anomalies of seasonal mean SWH and seasonal mean SLP (over the North Atlantic and the North Pacific, separately) were used instead of the original datasets in the RA-regression analysis, which are associated with 75-90% of the total variance for the SWH, and 81-94% for the NRA SLP (see Table 1 ). The CGCM2 simulated SLP anomalies were projected onto the retained EOFs (empirical orthogonal functions) derived from NRA SLP anomalies to obtain seven simulated pseudo-PCs of SLP anomalies (see Wang et al. [11] for the rationale behind this). These seven pseudo-PCs represent 87-89% (82-85%) of the total simulated variance of winter (fall) SLP anomalies in the North Atlantic, and 75-80% (65-70%) in the North Pacific. Most importantly, the observed changes in SWH and SLP are well represented in the retained leading PCs (Wang and Swail [3] ).
CGCM2-simulated anomalies of seasonal mean SLP were then substituted into the RA regression model to project future anomalies of seasonal mean SWH of reduced dimension. These EOF-space projections (i.e., projected PCs) were then converted back to the physical space using the related EOFs of SWH anomalies. The projected SWH anomalies obtained in this way were superimposed on the observed A separate projection was produced using the SLP anomalies derived from each member of each three-member ensemble of CGCM2 simulations, resulting in an ensemble of three projections of seasonal mean SWH for each of the three forcing scenarios. These projections of seasonal mean SWH were then analyzed to assess projected trends in ocean wave heights (see Sections 2.4 and 4). More details about using RA to project possible future anomalies of seasonal mean SWH were described in Wang et al. [11] .
GEV analysis
The approach used for making projections of future SWH extremes in this study is the same as detailed in Wang et al. [11] , which is based on a GEV distribution GEV(µ, σ, ξ) where the location and scale parameters (µ and σ) are allowed to vary with time-dependant covariates. Specifically, the following five nested GEV models were fitted to observed seasonal maxima of SWH at each grid point (derived from the related wave hindcast; see Section 2.1):
The time-dependent covariates used in these models are the seasonal mean SLP anomaly (P t ) and the anomaly of squared SLP gradient (G t ) at the SWH grid point.
The above GEV models were trained using observed (NRA) P t and G t for the 40-year period from 1958 to 1997. Note that the SLP quantities that are required on the fine SWH grid were calculated from values at four nearest SLP grid points, using weights proportional to the inverse of the distance. The significance of the linear relationships built into the various GEV models (and the goodness of fit of the GEV models themselves) was assessed by performing likelihood ratio tests (see Wang et al. [11] for more details). Results of the tests show that the location parameter for the SWH extremes is significantly correlated with both the seasonal mean SLP anomaly (P t ) and the anomaly of squared SLP gradient (G t ), and that the scale parameter appears to be independent of either P t or G t (see Table 2 and Fig. 1 ; also figure 1 of Wang et al. [11] ). In other words, the GEV 2 model is the model of best fit and hence was used to project possible future changes in SWH extremes. To this end, the CGCM2-simulated values of P t and G t were substituted into the fitted expression for the location parameter to produce a time series of location parameter estimates for the period 1990-2099 (110 years):μ
(In this study,ŷ denotes an estimate of y.) This time series was then subject to a trend analysis as outlined in Section 2.4. The trend component of the location parameter, in turn, was used to project changes in the size or frequency of extreme SWH events (see Section 4).
Trend analysis
Trends in the time series of the observed/projected seasonal mean SWH (h t ) and the projected GEV location parameter at each grid point were analyzed using a regression technique. The following regression models (RMs) were fitted to the time series x t (where x t = h t or x t =μ t ) at each grid point:
RM 1 :
where α i (i = 0, 1, 2) are the regression parameters and ε t denotes a zero-mean white noise process. The relative validity of these models is assessed by performing F-tests (see Wang et al. [11] for more details).
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The sample that we used to perform the trend analysis for each forcing scenario was obtained by combining the three members of each ensemble into a single sample with three "observations" at each sampling time. Thus, the series length is n = 3 × 110 for the projected time series. Results of the F-tests are discussed in detail in Section 4.
Historical changes of wave heights
In the early 1990s, Bacon and Carter [15, 16] raised the issue of wave climate changes in the North Atlantic and North Sea by presenting a review of all available data describing long-term trends in the wave climate, using both visual estimates and instrumental measurements of wave heights. They found that there exists an increase in mean wave height over the whole of the North Atlantic, possibly since 1950, of about 2% per year, and that the long-term changes in wave climate are linked to the atmospheric pressure gradient measured between the Iceland low and the Azores high. Bouws et al. [17] also reported a similar rate of increase (2-3 cm/year) in mean wave heights observed in the North Atlantic. However, the rate of wave height increase is very likely overestimated in these studies, because their data from wave charts for the 1960s and 1970s very likely underestimated the wave heights for that period (Wang and Swail [3] ).
In recent years there have been several attempts to investigate the variability of waves and storms in the North Atlantic Ocean. The first of these studies was carried out by Kushnir et al. [18] , who generated a statistical hindcast to quantitatively estimate the systematic increase in wave heights over the period 1962-1986. They found that an increasing trend in SWH at several northeast Atlantic locations since 1960 or so was related to the systematic deepening of the Icelandic low and intensification of the Azores high over the last three decades. Their analysis also suggested that wave heights south of 40 • N have decreased during the same period. Subsequently, a major effort was undertaken by the European Union Waves and Storms in the Atlantic (WASA) project (WASA [19] ; Gunther et al. [20] ), which produced comprehensive estimates of linear trends in means and extremes of annual significant wave heights. Unfortunately, inhomogeneities and other problems with the hindcast in the area west of 20 • W limited the reliability of the analysis to the extreme eastern North Atlantic, where it was concluded that the wave climate has undergone significant variations on a time scale of decades. Part of that variability was found to be related to the North Atlantic Oscillation (NAO). In spite of an apparent artificial worsening of the storm climate in data-sparse areas (Gunther et al. [20] ), the WASA hindcast produced a well-validated reconstruction of the wave climate of the northeast Atlantic based on the best information and technology available at that time.
While much attention has been drawn to the characterization of trends and variability of waves in the North Atlantic, only a few studies have attempted to assess trends and variability of waves in the North Pacific. The first of these is by Allan and Komar [21] , who analyzed wave measurements obtained from six deep-water buoys extending from the Gulf of Alaska to southern California. They found that wave heights have increased during the past 20-30 years. The greatest increase (4.2 cm/year for winter mean SWH, and 2.7 cm/year for annual mean SWH) has occurred offshore from the Washington coast, with a systematic reduction in the rate of SWH increase southward along the west coast. There is an increase of 2.1-3.1 cm/year for winter mean SWH offshore from Oregon and northern California, while no significant increase has occurred off the coast of southerncentral California or in the Gulf of Alaska. They reported that the 100-year return value of SWH estimated from wave data up through 1996 (about 10 m) was exceeded six times during 1997-1999, and that the rise in wave heights had been associated with an increase in the wave period that has little systematic trend variation along the west coast. Allan and Komar [21] also found that the interannual variability of the waves above and below the long-term trends is correlated with the Southern Oscillation and also with the East Pacific pattern, a measure of the strength of the westerly winds and the position of the jet stream, both of which are important to the strength of storms and wave generation.
The advent of long-term climate reanalysis projects undertaken by major numerical weather prediction centers significantly changed the approach to the investigation of climate variability, and to a lesser extent, trend analysis on decadal and longer time scales. Inhomogeneities associated with improvements in data analysis techniques, and evolution and upgrades in operational numerical models have led these centers to major attempts to produce a consistent analysis of the atmosphere through so-called "reanalysis" using historical atmospheric observations and current analysis schemes and numerical weather prediction models. Reanalysis does not account for changes in time of data sources, density or quality, thus leaving some unknown degree of temporal inhomogeneity. Two such projects have been widely used for a variety of climate research applications: (i) a preliminary global atmospheric reanalysis produced at the European Centre for Medium-Range Weather Forecasts (ECMWF) for the 15-year period from 1979 to 1993 (ERA-15, Gibson et al. [22] ); (ii) the NRA Project (cf. Section 2.1). In the past 3 years, the ECMWF has been conducting ERA-40, a reanalysis of global atmospheric wind, temperature and humidity fields, stratospheric ozone, deep water sea states, and soil conditions for the 45 year period from 1957 to 2002, using a coupled atmosphere-wave model with variational data assimilation. The ERA-40 will produce the most complete wave dataset on a 1.5 • × 1.5 • latitude/longitude grid covering the whole globe.
The first wave-climate study using reanalysis data was undertaken by Sterl et al. [23] , who analyzed the linear trend of the monthly mean SWH for each calendar month over the 15-year ERA period. Large trends were found in January in the North Atlantic mean SWH, and in July in the ocean south of Africa; the trends were found to vary greatly from month to month. While the Sterl et al. [23] hindcast represented a major advance in wind field quality and homogeneity, the time period was too short to confirm a significant change in the global wave climate.
The first 40-year wave hindcast based on reanalysis products was a global hindcast carried out by Environment Canada using the NRA 6-hourly 10-m winds (Cox and Swail [8] ; see also Section 2.1), which was found to have very good agreement with observations up to the 99 percentiles of SWH. In one of our previous www.witpress.com, ISSN 1755-8336 (on-line) studies (Wang and Swail [4] ), we analyzed this global wave hindcast for trends and variability in seasonal extremes (90 and 99 percentiles) of SWH. We first used the Mann-Kendall test to assess linear trends of SWH extremes on seasonal time scales, accounting for the effect of autocorrelation when assessing trends and their significance level. We then used redundancy analysis to characterize the links between the large-scale variability of SWH extremes and large-scale atmospheric circulation (SLP) patterns, which were further used to extend the numerical hindcast back to January 1899, providing a best guess of the historical variability of SWH extremes. As a result, we found that increases of SWH in the northeast Atlantic are particularly significant in the winter season for the last four decades, which are matched by significant decreases in the subtropical North Atlantic. These trends were found to be closely connected to significant changes in the variability of the NAO. For the North Pacific, we found that SWH changes featuring increases (up to 3.1 cm/year) in the central North Pacific are more significant in winter and spring (April-May-June) and that these changes were connected with a deeper and more eastward extended Aleutian low. From a 50-year wave hindcast covering December-March 1948/49 through 1997/98 (using the NRA 6-hourly 10-m winds), Graham et al. [24] and Graham and Diaz [25] also identified a similar pattern of wave height changes in the NP. However, based on the statistical hindcast, Wang and Swail [4] found no significant trends in SWH extremes for the whole last century although long-term variability (e.g., multidecadal fluctuation) is especially noticeable in this basin.
In parallel with the initial NRA-based global wave hindcast, a detailed highresolution wave hindcast was produced for the North Atlantic (Swail and Cox [7] ). The objective of that project was to produce an engineering-quality, homogeneous, long-term wind and wave database for assessment of the wave climate of the North Atlantic, its trends, and variability. The most important feature of the hindcast was the rigorous attention devoted to producing the wind fields used to drive the wave model. To remove potential biases in the historical wind fields, all wind observations from ships and buoys were reassimilated into the analysis taking account the method of observation, anemometer height, and stability. Wind fields for all significant storms were then painstakingly kinematically reanalyzed. Furthermore, high-resolution surface wind fields for all tropical cyclones, as specified by a proven tropical cyclone boundary layer model, were assimilated into the wind fields to provide greater skill and resolution in the resulting wave hindcasts. Finally, these high-quality wind fields were used to force a much higher resolution, third generation wave model. The resulting wave hindcast (i.e., the North Atlantic hindcast; see also Section 2.1) has been shown to make significant improvement in resolving the most extreme storms, including tropical storms (Swail and Cox [7] ). Caires et al. [26] compared this hindcast with several other reanalyses (including the latest reanalysis ERA-40) and concluded that this North Atlantic hindcast best represents the measurements within that basin.
In one of our recent studies (Wang and Swail [3] ) we compared changes of SWH derived from the North Atlantic hindcast with those derived from in situ observations and from previous wave hindcasts (Carter and Draper [27] ; Bacon and Carter [16] ; Bouws et al. [17] ; Gunther et al. [20] ). We also carried out a detailed analysis for trends in extremes (90 and 99 percentiles) of SWH and compared the results with those of Wang and Swail [4] , which were derived from the global hindcast using the NRA wind fields. It was shown that, while showing trend patterns similar to those derived from the global hindcast, the detailed North Atlantic hindcast shows more significant increases in the region off the Canadian east coast in summer and fall, and higher rates of increase in the region northwest of Ireland but less significant changes in the North Sea and in the region off the Scandinavian coast. The homogeneity of the wave data from the detailed North Atlantic hindcast was also assessed in this study. It was concluded that there is no evidence that the kinematic reanalysis of wind fields compromised the homogeneity for improvement in accuracy.
As an extension of the previous studies, here we use different approaches to assess observed SWH changes. We use the trend analysis technique described in Section 2.4 to assess trends in the observed seasonal mean SWH and in the location and scale parameters of seasonal extreme SWH. For the latter, specifically, the following nonstationary GEV models were fitted to the observed seasonal maxima of SWH:
These GEV models are similar to those described in Section 2.3 except that the covariates here are time variables t and t 2 , instead of P t and G t (the white noise term ε t is necessary here because t and t 2 are determinate functions and do not represent random variation in the related parameter). Thus, the same likelihood ratio tests were conducted to assess statistical significance of the trend components built in these models. As a result, we found that changes in the observed seasonal mean SWH are basically linear (except for fall seasonal mean SWH in the North Atlantic where quadratic trends seem not to be negligible in areas off the African coast and the northeast Atlantic), while changes in the observed SWH extremes can be well represented by a linear trend in the location parameter of GEV distribution. Any change in the location parameter can lead to a change in the size or frequency of extreme SWH events. Based on the fitted GEV model:
i.e., a GEV distribution with a time-varying location parameter, we estimated changes in 20 shrinks westward to the area west of 170 • E (see Fig. 4 ). In the area of significant changes in extreme SWH (shaded areas in Fig. 4b ), the return period of a fixed size of extreme SWH also shortened approximately by half during the 25-year period . In the northwestern Pacific, changes in the mean SWH identified here are comparable with those reported by Yamaguchi and Hadata [28] , who produced a 51-year wave hindcast for the northwestern Pacific (approximately 15 • N-45 • N, 110 • E-150 • E; using a shallow water wave model driven by the NRA 10-m winds) that shows a strong increasing trend (3-7 mm/year) in the yearly mean SWH in the region south and east of Japan. As shown in Fig. 5a , significant increases of 1-3 cm/year were estimated for winter mean SWH observed in the northeast Atlantic during 1958-1997, which Fig. 7a ).
The major difference between the patterns of change in winter and fall SWH in the North Atlantic is that, in the area off the Canadian east coast, significant increases were found for fall but decreases were identified for winter (cf. Fig. 5-7) . However, changes in the northeast Atlantic are smaller in fall than in winter.
In both the North Atlantic and the North Pacific, the changes of winter and fall extreme SWH identified here are consistent with those identified by Wang and Swail [3, 4] , although different approaches were taken in the analyses. 
Climate change scenarios of wave heights
As mentioned before, projections of ocean wave heights are useful for the design and operation of coastal and offshore industries. However, previous studies in this field are limited. The STOWASUS-2100 group [29] carried out two 30-year there is a need for projections of possible future climate of wave heights in the North Pacific, and for additional wave heights climate projections that span the entire North Atlantic basin. Recently, Wang et al. [11] constructed climate change scenarios of SWH in the North Atlantic by means of RA (for seasonal mean SWH) and nonstationary GEV analysis (for seasonal extreme SWH), using projections of SLP from a coupled climate model (CGCM2). In this study, we extend the wave heights climate change scenarios of Wang et al. [11] to the North Pacific basin.
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Results of the trend analysis (see Section 2.4) on the projected seasonal mean SWH (h t ) and on the projected location parameter (μ t ) of seasonal extreme SWH (summarized in Table 3) show that changes in both h t andμ t are basically nonlinear, especially in winter SWH projected with the strong forcing scenarios (IS92a and A2), and that the nonlinearity of trend appears to be slightly more extensive in the North Pacific than in the North Atlantic (see rows "RM 2 over RM 1 " in Table 3 ). Therefore, the estimated quadratic trends (i.e., the fitted RM 2 ) for both h t andμ t were chosen for use in the estimation of possible future changes in SWH, which are to be described in the subsections below (note thatα 2 is near zero if the trend is basically linear).
Wave height climate change scenarios for the North Atlantic
Wang et al. [11] described in detail the climate change scenarios of wave heights in the North Atlantic. For completeness, we briefly summarize the scenarios in this section.
The projected changes of seasonal mean SWH in the 90-year period from 1990 to 2080, as estimated using the fitted RM 2 :
h tr (t) =α 0 +α 1 t +α 2 t 2 (16) are partly shown in Fig. 8 . Generally, the changes projected under the IS92a and A2 scenarios are larger and more extensive than those under the B2 scenario (Fig. 8a-c although the three scenarios have similar patterns of change in both seasons (which feature increases in the northeast and the southwest North Atlantic that are accompanied by decreases in the midlatitudes). The projected changes are generally smaller and less extensive in fall than in winter (cf. Fig. 8b and d, also Table 3 ).
Figure 8 (continued)
However, future changes of seasonal mean SWH in the northeast Atlantic (especially in the North Sea) were found to be quite dependant on the forcing conditions. In winter, for example, quadratic trends with decreases in the first few decades of the 1990-2099 period followed by increases were projected with the IS92a scenario, while large and basically linear increases were projected with the A2 scenario and no significant changes with the B2 scenario (Wang et al. [11] ). In fall, quadratic components of trends were found to be less significant in general, and are basically characterized by faster increases in the late decades than in the first few decades (Wang et al. [11] ).
The characteristics of the quadratic trends in the projected location parameter of SWH extremes are generally similar to those found in the projected seasonal mean SWH. In the Norwegian Sea and the North Sea, the quadratic trends again feature either faster increases in the late decades than in the first few decades or a decreasing trend in the first few decades followed by an increasing trend (Wang et al. [11] ). However, the projected changes of fall extreme SWH in the Norwegian Sea appear to be more nonlinear than those projected for the seasonal means under strong forcing (IS92a and A2) scenarios (Wang et al. [11] ). The estimated quadratic trend of the location parameter µ tr (t) =α 0 +α 1 t +α 2 t 2 (17) and the fitted GEV model
were chosen for use in estimating possible future changes in extreme SWH. Figure 9 shows the changes in 20-year return values of SWH projected for the 90-year period from 1990 to 2080 (the B2 scenario projections are not shown here; they are similar to those of the A2 scenario, except that the significant increases in the northeast Atlantic projected with the A2 scenario are completely absent in the B2 scenario projections). These patterns of change bear substantial similarity to the projected patterns of change in the related seasonal mean SWH (see Figs 8 and 9): Increases of 15-100 cm in the northeast and southwest North Atlantic are now matched by decreases of 15-75 cm in the midlatitudes. However, in the northeast Atlantic, increases in the seasonal extremes are much larger than those in the seasonal means in the fall season but are smaller in the winter season. The largest increases in the extreme SWH in this region are now projected for the fall season rather than for the winter season (see Fig. 9 ). The between-scenarios differences are also similar, with the A2 (B2) scenario being associated with the greatest (smallest) increases in the northeast Atlantic.
Equivalent to increases in the SWH extremes of a fixed frequency of occurrence are reductions in the average waiting time between extreme SWH events of a fixed size. In the Norwegian Sea (around 65 • N), for example, the fall extreme SWH that occurs on average once every 20-year period in the present-day (1990s) climate will occur on average once every 4-12 year period in the climate projected for year 2080 (Wang et al. [11] ).
Wave height climate change scenarios for the North Pacific
In the North Pacific, as shown in Fig. 10 , all the three forcing scenarios again have similar patterns of change in winter mean SWH, which feature a band of large increases (up to 70 cm) in the east-central North Pacific that are accompanied with decreases (up to 30 cm) in the Gulf of Alaska and the southwest North Pacific. However, the changes projected under the strong forcing (IS92a and A2) scenarios are larger and/or more extensive than those under the weaker forcing (B2) scenario. For example, the amplitude of increase projected under the B2 scenario is only half of that projected under the IS92a scenario ( Fig. 10a and c) , and decreases in the region off the Asian coast are apparent only under the strong forcing scenarios ( Fig. 10a and b) . Although the projected changes in fall mean SWH have similar between-scenarios differences (not shown), these changes are generally much smaller and less extensive than those of winter mean SWH (cf. Table 3 ) and are (Fig. 10d) . Note that the center of increase is located closer to the North American west coast in fall than in winter (thus, the region just off the North American west coast has larger increases in fall; cf. Fig. 10b and d) . Also, in the southwest North Pacific, small increases were identified in fall but decreases were found in winter.
As mentioned before, nonlinear changes are dominant in wave heights projected for the 21st century, especially in the winter season (JFM; cf. Table 3 features an accelerating rate of increase in the second half of the 21st century, which may or may not be preceded by a decreasing trend in the early decades depending on the forcing conditions (cf. left panels of Fig. 11 ). In the Gulf of Alaska (around 52.5 • N and 155 • W), the nonlinearity of trend is characterized by an accelerating rate of decrease in the second half of the century (cf. right panels of Fig. 11 ). Figure 11 also shows that the characteristics of trends in the projected location parameter of seasonal extreme SWH are similar to those in the projected seasonal mean SWH. Such changes in the location parameter implicate changes in the size of extreme SWH of a fixed occurrence frequency, or, equivalently, in the average waiting time between extreme SWH events of a fixed size. Figs 10 and 12) , although the extremes and the means share similar patterns of changes and similar betweenscenarios differences. The region near shore the North American west coast was also projected to have larger increases in fall extreme SWH than in winter (cf. Fig.  12b and d) .
In terms of changes in the average waiting time between extreme SWH events of a fixed size, Fig. 13 shows that in the midlatitudes of eastern North Pacific an extreme SWH that occurs on average once every 20-year period in the presentday (1990's) climate is projected to occur on average once every 4-12 year period in the 2080's climate under the A2 forcing scenario. In other words, the average waiting time between extreme SWH events of a fixed size was projected to shorten www.witpress.com, ISSN 1755-8336 (on-line) approximately by half in the 90-year period from 1990 to 2080, especially in the region just off the North American west coast in fall (cf. Fig. 13b ).
Concluding remarks
We have reviewed and extended previous studies on historical and possible future changes of SWH in the North Atlantic and the North Pacific, separately. Two 40-year wave hindcasts that are the best to date were used as observed waves. The SLP-SWH relationships observed in the 40-year period were represented by regression models and used to project future changes of seasonal mean and extreme SWH under the possible future atmospheric circulation (SLP) conditions as projected by CGCM2 with three different forcing scenarios.
In the 40-year period, changes of SWH observed in both the North Atlantic and the North Pacific were found to be statistically significant and basically linear. The changes of winter SWH in the North Atlantic are characterized by increases in the northeast Atlantic matched by decreases in the midlatitudes, which were found to be closely associated with changes in the NAO. Significant increases in the area off the Canadian east coast are the dominant feature of changes in fall SWH in the North Atlantic. The changes of both winter and fall SWH in the North Pacific are characterized by a center of significant increases in the west-central North Pacific (Wang and Swail [4] ), which were found to be connected with a deeper and more eastward extended Aleutian low or, equivalently, with a southward dip and eastward extension of the storm track (Graham and Diaz [25] ).
It was shown that stronger (weaker) GHG forcing conditions generally lead to larger (smaller) changes in ocean wave heights, and that in some regions (e.g., the North Sea) the ocean wave climate responds very differently to the different forcing scenarios. We may expect to see an imprint of the anthropogenic forcing in the ocean wave climate change in the coming decades. It was also shown that changes in both the observed and the projected seasonal extremes of SWH can well be represented by changes in the location parameter of the extreme value distribution. Global warming may result in changes in the location parameter, eventually leading to changes in the size and frequency of extreme wave height events. For example, in the subtropical eastern North Pacific, the average waiting time between extreme SWH events of a fixed size was projected to shorten approximately by half in the 90-year period from 1990 to 2080, especially in the region near shore the North American west coast in fall; and a similar change www.witpress.com, ISSN 1755-8336 (on-line) was also projected for the Norwegian Sea (around 65 • N; Wang et al. [11] ). Such significant changes will have an impact on the life span of marine and coastal infrastructure in these areas. The possible changes in future wave extremes should be taken into account in the design/planning and operation of coastal and offshore industries.
Note that, in both the North Atlantic and North Pacific, the patterns of the projected SWH changes in the 21st century differ to some extent from those of the observed SWH changes during the past half century. In the North Atlantic, such differences are especially remarkable in fall, featuring observed increases in the region off the Canadian east coast versus decreases or no changes in the related projections (cf. Figs 5-9 ). In the North Pacific, the differences are noticeable in both seasons and are characterized by an eastward shift of the center of increase, with the observed increases centered in the western North Pacific while the projected increases centered in the eastern North Pacific (cf. Figs 2-4, 10, and 12) . In other words, trends of SWH in the projected warmer climate are not just a simple continuation of the trends observed in the last half century.
For the North Atlantic sector, it has been shown that global warming is associated with more frequent occurrence of the positive phase of NAO (or less frequent occurrence of the extreme negative phase of NAO; Monahan et al. [30] ) on the one hand, and with increases of wave heights in the northeast Atlantic on the other hand. This implicates that the projected wave height increases in the northeast Atlantic are associated with the anthropogenic changes that affect the NAO (Wang et al. [11] ). In the projected warmer climate, decreases of SLP over the northeast Atlantic are accompanied with increases of SLP over the midlatitudes, which result in a pressure gradient increase and more frequent and stronger westerly winds that affect northern European coasts (Wang et al. [11] ).
For the North Pacific sector, as shown in Fig. 14 , the CGCM2 simulations project an intensification and southeastward expansion of the Aleutian low for the warmer climate, which is particularly remarkable in winter but also noticeable in fall. Consistent with these SLP climate changes are the projected increases of SWH in the midlatitudes of eastern North Pacific (cf. Figs 10, 12, and 14) . Some other transient simulations with coupled atmosphere models have also shown an intensification and expansion of the Aleutian low during the latter decades of the 20th century and early decades of the 21st century (Roeckner et al. [31] ; Meehl and Washington [32] ; Cai and Whetton [33] ; Graham and Diaz [25] ).
Changes in SLP and SWH are associated with changes in the position and intensity of the storm tracks in the northern hemisphere, which have been seen in the observed data and can be expected in the projected warmer climate. One of our ongoing projects is a detailed analysis of possible future changes of northern storm tracks as projected by CGCM2, which is to be published soon. Also, we have initiated a study to assess the uncertainty of wave height change scenarios due to different numerical wave hindcasts and different climate models' projections of SLP.
Finally, note that the basic assumption for the climate change scenarios construction using empirical based techniques is that a relationship (e.g., the SLP-SWH relationship in this study) developed for the present-day climate will continue to hold under the different forcing conditions of possible future climates. In general, empirical based techniques cannot account for possible systematic changes in regional forcing conditions or feedback processes, although they are economical and practical. We should keep in mind the various sources of uncertainty related to climate scenario construction when dealing with climate change scenarios.
